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ABSTRACT
Nutritional composition of edible oysters (Crassostrea madrasensis) from the
wild and cultured growth habitats from the southwest coast of India were
evaluated over 4 years (2008–2011) during the premonsoon season. The
important nutritional qualities of this species have been correlated with chlor-
ophyll-a concentration, sea surface temperature, and phytoplankton density in
their growth environments. The higher proportions of total polyunsaturated
fatty acids, eicosapentaenoic, and docosahexaenoic acids in the edible oysters
collected from the wild habitats were significantly correlated with chlorophyll-
a concentration revealing the role of the phytoplanktons to contribute to the
occurrence of these vital fatty acids. The ideal atherogenic index (AI); throm-
bogenicity index (TI); hypocholesterolemic/hypercholesterolemic ratio (HH);
and balanced quantities of vitamins, minerals, amino acids, and low cholesterol
contents qualified C. madrasensis as a potential health food.
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Introduction
Oysters are one of the most valued seafoods as they constitute a rich source of fatty acids, amino acids,
and minerals, which are essential for providing a balanced diet (Nagabhushanam and Bidarkar, 1978).
Bivalves in coastal areas are an excellent source of n-3 polyunsaturated fatty acids (PUFAs), including the
long-chained eicosapentaenoic acid (20:5n-3; EPA) and docosahexaenoic acid (22:6n-3; DHA; Taylor
and Savage, 2006). The consumption of these bivalve mollusks also provides an inexpensive source of
protein with a high biological value, essential minerals, and vitamins (Astorga España et al., 2005). The
edible oyster, Crassostrea madrasensis, is a bivalve mollusk (family Ostreidae); found in the coastal sea
beds in the Arabian Gulf in the south Malabar waters along the west coast of Peninsular India, and its
farming is becoming increasingly popular (Mallia et al., 2009). The oyster fishery of Kerala is limited to
backwaters like Dharmodam, Kayamkulam, Ashtamudi, Paravoor, and Kadalundi where C. madrasensis
is the most prominent species, but the culture operations are possible only for 6 months during the
premonsoon period (Harikumar and Rajendran, 2007).
Considering the promising perspective for the utilization of C. madrasensis as a potential health food,
studies on its biochemical composition have begun to receive considerable attention. This work
anticipated the influence of the growth conditions on the essential nutritional compositions of C.
madrasensis harvested from the southwestern coast of India. No reports have yet been published about
the nutritional composition of this species under wild and cultured conditions. The present study
directed to elucidate the effect of various climatological parameters on the nutritional profile of C.
madrasensis throughout the study period (2008–2011). The data might provide useful information for
seafood industries and edible oyster aquaculture. The co-relation with the nutritional composition and
climatological factors was attempted to focus for a more holistic assessment of the overall biological
significance of wild and cultured C. madrasensis.
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Materials and methods
Materials
The samples (wild and cultured) were collected during the months of April and May (premonsoon
season) in 4 consecutive years (2008–2011) from the intertidal rocky shore of Sattar Island at Cochin,
situated at the southwest coast of India (Lat: 9° 58ʹ N; Long: 76° 16ʹ E; Figures 1A–C), which is
predominantly influenced by oceanic water from the Arabian Sea. The samples were collected from
comparable depths (2 m below the surface) to avoid possible interference of variations in depth on the
nutritional composition. Cultured oysters were stripped from the 0.25-inch rope at each site. All samples,
after cleaning of fouling organisms, were immediately transported to the laboratory in an icebox.
Determination of biometric parameters and condition indices
The samples of C. madrasensis were measured for their biometrical parameters—namely, length,
width, and thickness. Length (maximum measure along the anterior-posterior axis), width (max-
imum lateral axis), and thickness (depth of maximum longitudinal axis) of 30 randomly selected
samples were measured using a vernier caliper. The samples were then weighed, opened by cutting
the adductor muscle with a scalpel, and the wet meat and shell weight were noted (Figure 1D). The
dry weight was determined by oven drying of the wet tissues for 48 h at 60°C. Condition indices (CI)
were used to characterize the apparent health and quality of the biological entity. Three condition
indices taken into account in this study are as follows: (a) Economic CI (Imai and Sakai, 1961) as
thickness × [0.5 (length + width)]−1; (b) Booth CI (Booth, 1983) as wet flesh weight × total weight−1;
(c) Ecophysiological CI (Walne, 1976) as dry flesh weight/dry shell weight. The dry weight of the
shells was determined by oven-drying at 80°C.
Biochemical analysis
The edible muscle parts of the samples of C. madrasensis were separated manually by cutting the
adductor muscle as stated earlier. The entire amount of pooled edible portion (edible flesh) was
Figure 1. Sample collection site of edible oyster (C. madrasensis, wild and cultured) along the southwestern coast of India. Sattar
Island at Cochin (UST: 1141160 E, 221200 N; Lat: 9° 58ʹ N, Long: 76° 16ʹ E) was selected as the collection sites of C. madrasensis (A);
a site of culture of C. madrasensis by the rack method (B); cultured C. madrasensis on rack (B1); wild C. madrasensis (C); C.
madrasensis (D); shell with meat (D1) and meat portion (D2) of C. madrasensis.
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thereafter ground in a mincer and packed in insulated containers at −20°C before being used for
biochemical analysis with respect to fatty acid, total cholesterol, amino acid, vitamin, and mineral
composition.
Estimation of lipids and fatty acid profiling
The extractions of the lipids in the tissues of wild and cultured oysters were carried out by the Folch
extraction method (Folch et al., 1957) using chloroform:methanol (2:1, v/v; 200 mL). The extracted
lipids were determined gravimetrically in triplicate. The fatty acid composition of the total lipids
from C. madrasensis was determined as described elsewhere (Metcalf et al., 1966). The gas-liquid
chromatography (GLC) conditions (HP 5890 Series II; Perkin Elmer, Shelton, CT, USA) were as
reported earlier (Chakraborty et al., 2014). Nitrogen (ultra high purity > 99.99%) was used as carrier
gas at 25 cm/s flow rate. Hydrogen was used as the carrier gas at a head pressure of 20 psi. The
injection volume was 0.02 µL. Fatty acid methyl esters (FAMEs) were identified by comparison of
retention times with known standards (SupelcoTM 37 Component FAME Mix, Catalog No. 47885-U;
Supelco Inc., Bellefonte, PA, USA), and the results were expressed as percent weight of total fatty
acids (%TFA). The different ratios of fatty acid indicating nutritional values of the edible oysters—
viz., n-3/n-6, n-6/n-3, DHA/EPA, PUFA/saturated fatty acid (SFA), and linoleic acid (LA)/α-lino-
lenic acid (ALA) were calculated. In order to characterize the atherogenic and thrombogenic
potential of the oyster meat, the indices of atherogenicity (AI) and thrombogenicity (TI) have
been calculated using the equations of Ulbricht and Southgate (1991) and Barrento et al. (2010),
respectively, as follows: AI = (12:0 + 4 * 14:0 + 16:0)/(MUFA + n-3 PUFA + n-6 PUFA); TI = (14:0 +
16:0 + 18:0)/[(0.5 * MUFA) + (0.5 * n-6 PUFA) + (3 * n-3 PUFA) + (n-3 PUFA/n-6 PUFA). These
indices are considered as the cardiovascular disease risk factors. The hypocholesterolemic/hyperch-
olesterolemic (HH) ratio was determined using the method described by Santos-Silva et al. (2002),
where HH = (18:1n-9 + 18:2n-6 + 20:4n-6 + 18:3n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3)/(14:0 + 16:0).
The HH ratio considers specific effects of fatty acids on cholesterol metabolism, and high HH values
are desired from a nutritional point of view.
Total cholesterol content
The total cholesterol content in the edible portion of oysters was determined spectrophotometrically
(Varian, Cary, NC, USA), as described elsewhere (Wanasundara and Shahidi, 1999) with suitable
modification using o-phthalaldehyde (50 mg dL−1 in glacial acetic acid). The total cholesterol content
of the samples was calculated from the standard curve of cholesterol and expressed as mg/100 g
edible portion (mg/100 g EP).
Estimation of amino acids
Amino acid contents of the edible portion of oysters were measured using Pico-Tag method as
described earlier (Heinrikson and Meredith, 1984) using suitable modifications. The samples (0.1 g)
were hydrolyzed with HCl (6 N, 10 mL) at 110°C in sealed glass tubes for 24 h on a multiplace
heating mantle. The aliquot containing hydrolyzed amino acids was treated with redrying reagent
(methanol 95%:water:triethylamine, 2:2:1 v/v/v), and thereafter precolumn derivatization of the
amino acids was performed with phenyl isothiocyanate (PITC, or Edman’s reagent) to form
phenylthiocarbamyl (PTC) amino acids. The reagent was freshly prepared, and the composition of
derivatizing reagent comprised of methanol 95%:triethylamine:phenylisothiocyanate (20 µL, 7:1:l v/
v/v, 70 µL methanol + 10 µL distilled water + 10 µL triethylamine +10 µL phenyl isothiocyanate).
The derivatized sample (PTC derivative, 20 µL) was diluted with sample diluent (20 µL, 5 mM
sodium phosphate NaHPO4 buffer, pH 7.4: acetonitrile 95:5 v/v) before being injected into reversed-
phase binary gradient high performance liquid chromatography (HPLC; Waters Corporation,
1174 K. CHAKRABORTY ET AL.
Milford, MA, USA) fitted with a column maintained at 38 ± 1°C in a column oven to be detected by
their UV absorbance (λmax 254 nm). The mobile phase comprised of (A) sodium acetate trihydrate
(0.14 M, 940 mL, pH 6.4) containing triethylamine (0.05%), mixed with acetonitrile (60 mL) and (B)
acetonitrile:water (60:40, v/v). A gradient elution program, with increasing eluent B, was employed
for this purpose. The quantification of amino acids was carried out by comparing the peak area of
sample with the standard, and the amino acid content was expressed as g/100 g protein.
Estimation of vitamins
Estimation of fat soluble vitamins was carried out by a modified method of Salo-Vaananen et al.
(2000). The stock solutions of vitamin standards (Sigma-Aldrich Chemical Co. Inc., St. Louis, MO,
USA) were prepared (1, 10, 25, 50, and 100 ppm) to draw the standard curve by HPLC. All the stock
solutions were stored at −20°C, except vitamin D3 where the stock solutions were stored at 4°C.
Aliquots of the lipid (0.1 g with 0.02% T-BHQ, w/w) were hydrolyzed with KOH/MeOH (0.5 N, 2
mL) at 30°C for 30 min. The hydrolyzed mixture (2 mL) was extracted with petroleum ether (12 mL)
and washed with 25 mL of distilled water (2 × 8 mL) to make it alkali free. The nonsaponifiable
matter (8 mL) was concentrated using a rotary evaporator (50°C), reconstituted in HPLC MeOH,
filtered through nylon acrodisc syringe filter (0.2 μm) and injected (20 µL) in HPLC (Shimadzu LC
20AD, Shimadzu Corp., Nakagyo-ku, Japan) equipped with a C18 column (Phenomenex, 250 mm
length, 4.6 mm I.D., 5 μm) in column oven (32°C) and connected to a photo diode array (PDA)
detector. The run time was 45 min, the eluents were detected at 265 nm, and the flow rate was 1 mL/
min. Vitamin C was determined based upon the quantitative discoloration of 2,6-dichlorophenol
indophenol titrimetric method as described elsewhere (AOAC, 1995). The vitamins A, D3, E, and C
were expressed as IU/100 g EP and vitamin K1 as µg/100 g EP.
Estimation of minerals
Estimation of minerals was carried out by atomic absorption spectrophotometer by the di-acid
(HNO3/HClO4) digestion method as reported earlier (Astorga España et al., 2005), with suitable
modifications. In brief, the wet tissues (20 g) were dried in oven at 105°C to obtain a constant
weight. Thereafter, the samples were ashed in a covered crucible at 550 C in a furnace for 16 h to
obtain a white residual ash. The ashes were subjected to an acid digestion process in an Erlen-flask
with concentrated HNO3 (E-Merck; 14 mL) until no brown fumes appeared. The digestion was
continued over the sand bath with HClO4 (12 mL) until the color of the solution became pale yellow
to colorless. The solution was thereafter cooled and filtered through Whatman No. 1 filter paper.
The filtrate was diluted with distilled water (50 mL) before being aspirated in the atomic absorption
spectrophotometer for the determination of minerals. The analyses of Ca, Mg, Na, K, Mn, Fe, and Zn
were performed by atomic absorption spectrophotometry. For Se, continuous flow hydride generator
(CHEMITO) coupled with the atomic absorption spectrometer was used. Phosphorus content was
analyzed by alkalimetric ammonium molybdophosphate method as described earlier (AOAC, 2002).
Chlorophyll-a concentration and sea surface temperature
The chlorophyll-a concentrations were derived from global 9-km monthly mean SeaWiFS (Sea
Viewing Wide Field-of-view Sensor) data for the period from April to May 2008–2011 (http://
reason.gsfc.nasa.gov/OPS/Giovanni/ocean.seawifs.shtml) to indicate the distribution of the photo-
synthetic pigment chlorophyll-a and expressed as mg/m3. Sea surface temperature (SST) was derived
from global 9-km monthly mean MODIS (Moderate Resolution Imaging Spectroradiometer)–Aqua
data for the period April to May 2008–2011 (http://reason.gsfc.nasa.gov/OPS/Giovanni/ocean.sea
wifs.shtml), which represents the temperature at the top 0.1 mm of water column (Chakraborty and
Joseph, 2015).
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Phytoplankton density and diatom concentration in water collected from the southwest coast
of india
The planktonic diatoms were collected from the points of oyster collection site by towing a SEA-
GEAR Model 900 phytoplankton net (SEA-GEAR Corp., Melbourne, FL, USA) for 20 min.
Horizontal and vertical net tows were taken with a 30 cm diameter, 5 μm mesh phytoplankton
net with a standard length: width ratio of 3:1. The plankton samples were suspended in cold clean
seawater and stored in polyethylene bottles after preservation with Lugol’s iodine solution. After
concentrating the sample by sedimentation method, a 1 mL sample was taken and examined with a
Sedgwick rafter counting chamber under a compound microscope (Nikon Eclipse-E600; Nikon
Corp., Tokyo, Japan) with different magnifications. Water samples were collected from the surface
at the same time as or a few days prior to oyster sampling, then preserved in 4% neutralized formalin
and used for qualitative analysis.
Statistical analyses
Statistical evaluation was carried out with the Statistical Program for Social Sciences Version 13.0
(SPSS Inc., Chicago, IL, USA). Descriptive statistics were calculated for all the studied variables.
Analyses were carried out in triplicate, and the means of all parameters were examined for
significance by analysis of variance (ANOVA). The Pearson correlation test was used to assess
correlations between means. The level of significance for all analyses was p ≤ 0.05.
Results
Morphometric characteristics of the edible oysters grown at the wild and cultured habitats
The present study established no significant differences (p > 0.05) in the condition indices between
the edible oysters grown at the wild and cultured habitats by taking into account the methods of
Walne (1976) and Booth (1983). The condition indices measured by the methods of Imai and Sakai
(1961), Walne, and Booth were at their maxima in the C. madrasensis grown under the cultured
growth condition during 2010 and 2011. Significant differences in meat yield were recorded between
the edible oysters in the wild and cultured growth habitats, with higher values recorded in the
cultured samples (p < 0.05). However, the meat yield of the edible oysters from the wild growth
habitat showed that this morphometric index was at the highest during 2010 to 2011, whereas those
grown at the cultured tract showed that the meat yield were at the highest during the period between
2008 and 2009.
Lipid content and fatty acid composition of wild and cultured oysters
The lipid content and fatty acid composition of C. madrasensis are shown in Table 1. The oysters
collected from the wild habitats exhibited higher lipid content (6–7%) as compared to those grown at
cultured ambiance (5.4–5.9%).
The total SFAs were recorded at their minimum in the edible oysters collected under the cultured
growth condition and at maximum in those grown at the wild ambiance. Myristic (C14:0), palmitic
(C16:0), and stearic acids (C18:0) were the most common SFAs. Significant annual variations were
apparent between the cultured and wild oysters with regard to SFA contents during the experimental
period spanning from 2008–2011 (p < 0.05; Table 1). Palmitic acid (C16:0) was the primary SFA
found in the wild and cultured edible oysters, contributing 48–61% to the total SFA content in the
wild and 51–63% to the total SFA content in the cultured samples.
Significantly higher MUFA content was observed in the cultured samples obtained during the
study period (p < 0.05). Myristoleic (C14:1n-7), palmitoleic (C16:1n-7), and oleic acids (C18:1n-9)
were the major MUFAs in the muscle tissue of C. madrasensis, whereas C18:1n-9 and C16:1n-7
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amounts were higher than others. The total MUFA in the edible oyster grown in the wild habitats
ranged from 13 to 22%, and 19 to 26% in those under cultured background. The fatty acid C16:1n-7,
a diatom marker, registered significantly higher values (p < 0.05) in the oysters grown under the wild
ambiance during 2008 and 2009. However, during the period of 2010 and 2011, the C. madrasensis
grown under cultured conditions recorded significantly higher amount of palmitoleic acid (p < 0.05)
than those from the wild habitats.
The wild samples of C. madrasensis recorded significantly higher PUFA content (27–36%; p <
0.05) than those grown under cultured habitats (21–26%) during the study period (2008 through
2011). The total content of n-3 PUFAs (C20:5n-3, EPA and C22:6n-3, DHA) was recorded to be
significantly higher (p < 0.05) in the edible oysters grown at their wild ambiance than those in the
cultured conditions. Interestingly, C. madrasensis grown under the wild and cultured habitats
recorded significantly higher C18 and C20 PUFAs during 2010 and 2011 than those collected in
the preceding years (2008 and 2009; p < 0.05). The ratio of n-3/n-6 PUFA ranged from 5.1–6.7 in the
wild samples and 4.4–5.7 in the cultured samples of C. madrasensis. No significant differences were
observed in the n-3/n-6 PUFA and DHA/EPA ratios between the edible oysters grown under the
wild and cultured habitats during the studied period (p > 0.05). The significantly higher ∑PUFA/
∑SFA ratio (p < 0.05) recorded in the wild samples collected during 2010 and 2011 was predomi-
nantly contributed by the n-3 fatty acids, particularly C20:5n-3, C22:5n-3, and C22:6n-3.
Total cholesterol content
The cultured samples of C. madrasensis exhibited significantly higher cholesterol content (42–45 mg %)
than wild samples (31–35 mg %; p < 0.05) irrespective of the collection period (Table 2).
Amino acid composition
Seventeen amino acids were identified and quantified in the wild and cultured samples of C.
madrasensis (Table 3) The edible oysters collected in the wild samples exhibited significantly higher
(p < 0.05) amount of total essential (ΣEAA) and nonessential (ΣNEAA) amino acid contents than
those in the cultured samples obtained during the study period (2008 through 2011). The most
abundant essential amino acid was found to be arginine in the wild (3.2–3.3 g/100 g protein) and
cultured (~ 2.3 g/100 g protein) C. madrasensis, followed by leucine and lysine. Among nonessential
amino acids, glutamic acid constitutes the major share followed by glycine in both the wild
(~ 2.9 g/100 g protein) and cultured (~ 2.2 g/100 g protein) oysters. However, the content of glycine
was found to be significantly higher in the wild oysters (p < 0.05) than in the cultured samples. The
total sulfated amino acid content (ΣSAA) was significantly higher in the wild oysters as compared to
the cultured samples of C. madrasensis (p < 0.05). The total amino acid content (ΣAA) was found to be
significantly higher (p < 0.05) in the wild oysters (~ 20 g/100 g protein) than that in the cultured C.
madrasensis (~ 13g/100 g protein).
Vitamin composition
The fat soluble vitamins A, D3, E, K, and water soluble vitamin C in the edible oyster are recorded in
Table 2. The cultured samples exhibited significantly higher (p < 0.05) content of cholecalciferol
during the studied periods. The levels of α-tocopherol (Vitamin E), a vitamin with antioxidant
properties, showed no significant difference (p > 0.05) among wild (0.18–0.24 IU) and cultured
(0.15–0.19 IU) samples of C. madrasensis. Phylloquinone (K1) and vitamin C registered significantly
higher values (p < 0.05) in wild samples than cultured edible oyster.
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Mineral composition
Table 2 shows the mineral composition of the cultured and wild oysters. The comparison between
cultured and wild oysters revealed that there was significantly higher (p < 0.05) concentrations of Ca
(159–175 mg/100 g) in the edible oysters collected from the wild habitats and K and P in the
cultured oysters (K, 265–272 mg/100 g; P, 518–530 mg/100 g). In general, the present study revealed
that C. madrasensis grown in the cultured growth condition exhibited higher micronutrient contents
than those collected from the wild habitats. Selenium, the antioxidant element, was found to vary
between 0.01–0.05 mg/100 g in the edible oyster collected from the wild habitat and 0.02–0.03 mg/
100 g edible portion of the cultured samples.
Interannual variability in chlorophyll-a concentration and sea surface temperature (SST)
The variance in the spatial distribution of chlorophyll-a (http://reason.gsfc.nasa.gov/OPS/Giovanni/
ocean.seawifs.shtml) during the study period (2008– 2011) is recorded in Figures 2A–D. The mean
chlorophyll-a concentration (mg/m3) derived from the SeaWiFS data is recorded in Figure 3A. The
chlorophyll-a concentration recorded maximum value in 2010 (4.76 mg/m3) followed by 2011(3.96
mg/m3) and 2008 (1.46 mg/m3). The SST data recorded during the premonsoon season (Figure 3B)
indicated that high SST were observed throughout the study period (> 29ºC) with highest values
recorded during 2011 (30.42ºC).
Interannual variability in diatom population density along the southwest coast of india
Seasonal dynamics of phytoplankton biomass observed similar patterns during the study period. The
phytoplankton density ranged from 7–20 × 103 cells/L. The sea water samples were found to be
largely composed of diatoms, although annual variations were observed in their concentration, and
their abundance was higher during 2008 and 2011 (16 × 103 cells/L) than the remainder of the study
period. The predominant diatoms in the SW coast were found to be Thalassiosira subtilis,
Pleurosigma elongatum, Ditylum brightwellii, Nitzchia sp., Navicula sp., Isochrysis sp., Pleurosigma
elongatum, Thalassiosira subtilis, and Biddulphia mobilensis.
Discussion
The present study provided a detailed biochemical profile of edible oysters, Crassostrea madrasensis,
collected from the wild and cultured growth habitats, from the prominent oyster bed along the
southwestern coast of India. The samples of C. madrasensis were collected in May as there is a drop
of salinity after May due to the monsoon. Therefore, this particular period has been chosen to collect
both the wild and cultured samples of this target species. The periods of faster growth from April to
May (premonsoon season) coincided with high chlorophyll-a levels. The chlorophyll-a peaks indi-
cate an increase in primary production by May, associated with the increase in water temperature
(Sasikumar et al., 2007; Purushan et al., 1983). Ojea et al. (2004) suggested that contents in the
neutral lipids of the bivalve Ruditapes decussatus could be related to an increase in the chlorophyll-a
concentration available in the diet. Dridi et al. (2007) also reported a positive correlation between
total fatty acid values in Pacific oyster (Crassostrea gigas) and the chlorophyll-a in the food. Pazos
et al. (2003) noted that environmental temperature influenced the levels of saturated and polyunsa-
turated fatty acids contents in the scallop (Pecten maximus). The commercial quality and physiolo-
gical state of bivalve mollusks are adequately described by CI, a parameter of economic relevance
reflecting the ecophysiological conditions and the health of oysters. CI and meat content of green
oysters were registered to be affected by a variety of environmental and endogenous factors—viz.,
water temperature, salinity, food availability, and gametogenic cycle of animals (Okumus and
Stirling, 1998). Positive correlations between the meat yield and chlorophyll-a levels in cultured
1182 K. CHAKRABORTY ET AL.
oysters (Figure 4A, r2 = 0.88) and negative correlation with wild oysters (Figure 4B, r2 = 0.13)
indicated that food availability and relatively high stocking densities are the important factors
governing the increased growth of cultured oysters. The decreased growth rate of wild C. madra-
sensis may be due to some environmental factors such as disturbances in sites, competition for space,
and slow water movement (Rajagopal et al., 2002). Maximum values of CI and meat yield in 2010
and 2011 were due to the seasonal blooms in Sattar Island waters in 2010 and 2011.
The higher relative percentage of diatoms (Thalassiosira subtilis, Nitzschia seriata, Baciallria
paradoxa, and Biddulphia mobilensis) and dinoflagellates in their diet (Ceratium furca, C. tripos,
Figure 2. Satellite images of SeaWiFS chlorophyll-a concentration during premonsoon in the years 2008 (A); 2009 (B); 2010 (C);
and 2011 (D).
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Gonyaulax spinifera, and Peridinium biconicum) with high lipid content appeared to contribute to
the lipid pool of C. madrasensis. However, in the present study, the lipid content was lower as
compared to an earlier study of Salaskar and Nayak (2011), who observed higher lipid content for
Crassostrea madrasensis collected from Central west coast of India (12.3–14.1%). PUFAs are very
important biochemical indicators of bivalves contributing to their nutritional quality. A wide range
of variation in the fatty acid percentages in oysters has been detected, ranging from 24–36% for
PUFA, 17–27% for MUFA, and 30 –57% for SFAs. The fatty acid composition of marine bivalves
depends on the biochemical and environmental conditions of seed development and environmental
conditions, including the phytoplankton resources available (Fernández-Reiriz et al., 1989). The
presence of readily available nonphytoplanktonic organic material in the cultured condition resulted
in the accumulation of higher proportion of SFAs (Freites et al., 2002). The predominant MUFA,
C18:1n-9, was significantly (p < 0.05) higher in cultured oysters than wild ones in all the years
studied. The high amount of MUFA content in cultured oysters may be due to the high content of
monoenoic fatty acids in the food of the cultured oysters. Significantly high levels of 16:1n-7 and
18:1n-9 were registered in phytoplanktons (diatoms and dinoflagellates), and this further supports
the fact that foods ingested by bivalves when filter feeding is directly reflected in their fatty acid
composition. As high level of PUFA is a characteristic of adaptation to aquatic habitats (Bulut et al.,
2012), wild oysters are more adapted to aquatic habitats than cultured ones. Wild oysters recorded
positive correlations between chlorophyll-a and PUFA composition (Figure 4C, r2 = 0.997), and
Figure 3. Seasonal variability of area-averaged time series of SeaWiFS mean chlorophyll-a concentration (mg/m3) for the period of
4 years (2008–2011) during premonsoon (A) and variability of monthly mean sea surface temperature (SST) derived from global 9-
km monthly mean MODIS–AQUA data for the 4 years (2008–2011) during premonsoon (B).
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maximum values of C18 PUFA and C20 PUFA in 2010 indicated that, besides gametogenic cycle
influences, the blooming of different planktonic populations during the year may affect the lipid
profile of those organisms, like bivalves, relying on plankton as the main food source (Albentosa
et al., 1996).
Figure 4. The correlation plots between cholesterol and total PUFA collected from wild condition (A); chlorophyll-a and EPA from
wild condition (B); chlorophyll-a and DHA from wild condition (C); chlorophyll-a and meat yield from wild condition (D);
chlorophyll-a and total PUFA from wild condition (E); and chlorophyll-a and meat yield from cultured condition (F).
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Diatoms contain considerable amounts of 20:5n-3 (EPA) and 22:6n-3 (DHA), respectively, and
hence DHA and EPA were the prominent PUFAs in wild and cultured oysters, followed by 20:4n-6
(AA) and 18:2n-6 (LA). There is a direct relation between the environmental temperature and the
content of polyunsaturated fatty acids (Zibaee-Nezhad et al., 2010), and similar results have been
observed in wild and cultured oysters. Therefore, the ratio of DHA:EPA can be used as an indicator
of the predominant phytoplankton class assimilated by the oysters. Ratios > 1 indicate a dominance
of dinoflagellates in the diet, while ratios < 1 reflect a dominance of diatoms (Budge and Parrish
1998). A positive correlation was observed between EPA, DHA, and chlorophyll-a concentration in
wild samples (Figure 4D, r2 = 0.96; Figure 4E, r2 = 0.99). Various algal species including dino-
flagellates, cryptomonads, and certain thraustochytrids as well as zooplankton are known to contain
elevated levels of DHA (Murphy et al., 2002). The UK Department of Health recommends an ideal
ratio of n-6/n-3 of 4.0 at maximum (Cardiovascular Review Group, 1994), and values higher than 4.0
are considered harmful to health and may promote cardiovascular diseases. In the present study, the
n-6/n-3 ratio (Table 1) was low, which is common for oysters. Linehan et al. (1999) found an n-6/n-3
ratio of 0.17 (winter) and 0.23 (summer), in Crassostrea gigas. Similarly, Liraa et al. (2013) observed
low n-6/n-3 ratio of 0.16 and 0.13 in winter and summer, respectively, for Crassostrea rhizophorae
collected from Brazil.
Among n-6 PUFAs, 20:4n-6, 18:2n-6, and 20:3n-6 were the dominant fatty acids, and the total
content of n-6 PUFAs is presumably associated with a high 18:2n-6 intake probably contributed to
by a microbial diet (Abad et al., 1995).
Diets that are high in MUFAs and PUFAs are associated with reduced risk of cardiovascular
disease and atherogenesis (Andrade et al., 2012; Chakraborty and Paulraj, 2009). The atherogenic
and thrombogenic indices were found to be higher in the cultured samples compared with wild
samples, which gives an indication of the attitude of a composite diet or a single food to protect from
atherosclerosis and platelets aggregation. The higher n-3 fatty acid content and consequently the
higher n-3/n-6 fatty acid ratio in the wild samples apparently contributed to lower atherogenic and
thrombogenic indices. It has been reported that due to the antiatherogenic and antithrombogenic
properties, the n-3 PUFAs play a major role to protect human beings from atherosclerosis and
platelet aggregation (Barrento et al., 2010). The ideal HH ratio noted in the oysters also contributed
toward its qualities to be judged as desirable from the consumer health perspective.
The cholesterol content of wild samples showed very good positive correlation with PUFA
content (Figure 4F, r2 = 0.83). Cholesterol generally ranges from around 2–90% of total sterols in
various mollusks. Plankton is the predominant diet, which contains various sterols, and they can be
incorporated into its tissues, and some sterols—viz., cholesterol can be synthesized from plankton
cholesterol precursors (McLean and Bulling, 2005). The wild samples were found to possess higher
essential amino acids than cultured samples, although the difference appeared to be insignificant and
present in quantities required for balanced nutrition. The richness of amino acids in wild oysters has
also been related to the maximum ripeness (Dridi et al., 2007). The slight difference in the ΣEAA and
ΣNEAA among wild and cultured oysters appeared to be due to the different environmental and
nutritional conditions. This demonstrates the potential capability of C. madrasensis, growing in wild
condition, to withstand salinity and adverse stress conditions during summer, because glycine or its
conjugate (glycine betaine) was earlier reported to have unique osmolytic property (Eklund et al.,
2005) and helps to protect the cells during summer against osmotic injury. These differences in
cysteine, a nonessential sulfated amino acid, and total sulfated amino acid content (ΣSAA) in wild
and cultured samples may be due to the proteolysis of amino acids that might have occurred to a
lesser extent in the samples. In the present study, no significant differences were observed in the
EAA/NEAA ratio among wild and cultured samples (p > 0.05). Any ratio of EAA/NEAA amino acids
higher than 1.0 is considered to be excellent, and therefore it can be concluded that C. madrasensis
are good sources of well-balanced proteins and high-quality protein source in respect to EAA/NEAA
ratio.
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All trans retinol underwent meager fluctuations reaching maxima in wild samples and minima in
cultured samples. The values of trans-retinol content are within the limits to impart their beneficial
effects. The levels of α-tocopherol, a vitamin with antioxidant properties, in oysters were low and
showed minor fluctuations between wild and cultured samples (p > 0.05). Significant differences were
apparent in phylloquinone (K1) and cholecalciferol (D3) content between wild and cultured samples
(p < 0.05). Vitamin D precursors constitute a large proportion of the unsaponifiable fraction of
mollusk lipids. As only plants synthesize α-tocopherol, phytoplanktons (diatoms and dinoflagellates)
either direct or indirectly are the ultimate source of this compound for oysters. Among minor
unsaponifiable components, HPLC analyses showed that oxygenated carotenoids, characterized by
typical absorption spectra, were prevalent over the less polar, late-eluting, α-carotene and β-carotene.
Due to the lack of suitable standard compounds, the early-eluting xanthophylls were not identified.
Minerals are nutrients that are conserved by the body and play a significant role in metabolism in
the human body. The present study revealed that the cultured oysters registered higher content of K
and P wild samples. Ca is an extremely important mineral that is often out of balance in persons
with arteriosclerosis and thyroid diseases. The cultured samples recorded lower Na and Ca than wild
samples and therefore rated high as a health food. The results in the present study agree with other
studies, which reported oysters to be a good source of Ca, Zn, and Fe (Astorga España et al., 2007).
Fe and Zn were predominant elements of the total trace mineral contents in cultured and wild
oysters, respectively, and significantly higher concentrations (p < 0.05) of Fe and Zn were obtained in
cultured oysters when compared to their wild counter parts. The concentration of trace minerals in
oysters is influenced by a number of factors such as seasonal and biological differences (size, age, sex,
and sexual maturity), food source, and environment (water chemistry, salinity, temperature, and
contaminants; Lal, 1995). The variation of mineral content between wild and cultured oysters
appeared to be due to the influence of several factors including food availability and differences in
metal regulation (Astorga España et al., 2007). In addition, the differences in the mineral concentra-
tions of the surrounding seawater could also influence their levels in bivalves (Paez-Osuna et al.,
1995).
Conclusion
The present study provides insights into different biochemical and fatty acid variations of oysters
collected under different growth conditions from the southwestern coast of India. Growth conditions
play a vital role in physiological mechanisms of oysters guiding fatty acid metabolism. High levels of
PUFA (21.7–36.4%) including n-3 PUFAs (12.5–23.2%), low levels of n-6 PUFA (maximum of 7% of
total fatty acids), and relatively high n-3/n-6 PUFA ratio values characterized C. madrasensis. The
ratios of essential/nonessential amino indicated that both oyster tissues are good sources of well-
balanced proteins. The compositional nature of the oyster suggested its nutritional importance as a
component of human diet.
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